Introduction
Living organisms utilize a large number of signal molecules to regulate their growth and development. Furthermore, the cells that make up an organism have evolved complex and diverse mechanisms for perceiving and responding to signal molecules originating not only from within the organism, but also from the external environment. We are utilizing plant responses to one external stimulus, namely the activation of plant defence mechanisms upon infection with micro-organisms, in an effort to gain a better understanding of the molecular basis for signal perception and transduction in plants.
Plants utilize a multi-faceted array of defence responses when confronted by invasive microorganisms [ 1, 2] . These defence responses include:
the synthesis and accumulation of anti-microbial compounds (phytoalexins) [ 3, 4] , the production of glycosylhydrolases capable of attacking surface polymers of pathogens [ 51, the synthesis of proteins that inhibit degradative enzymes produced by pathogens [2, 6] , and the modification of plant cell walls by deposition of callose [7, 8] , hydroxyprolinerich glycoproteins [9] and/or lignin [ 101. Detailed investigation of these defence responses has led to the discovery of new classes of signal molecules and has provided useful model systems for molecular studies on signal perception, signal transduction, and gene regulation in plants (for recent reviews, see .
Biochemical analysis of the induction of plant defence responses has been facilitated by the recognition that cell-free extracts of microbial and plant origin are capable of inducing defence responses when applied to plant tissues. The active components in the extracts are commonly referred to as 'elicitors'. The term 'elicitor' was originally used to refer to molecules and other stimuli that induce the synthesis and accumulation of phytoalexins in plant cells [ 141, but is now commonly used for molecules that stimulate any plant defence mechanism [ 4, 11, 15, 16] to result in the release of biotic elicitors from the cell walls of the plant [20, 21] . Several recent reviews [2, 17, 22] provide a broad overview of the structures of diverse elicitors and their activities.
We are attempting to elucidate the cellular signalling pathway that is triggered by oligoglucoside elicitors and which results in the biosynthesis and accumulation of pterocarpan phytoalexins in soybean. The extent of biochemical information about this cellular signalling pathway (reviewed in [ 4, 11, 12, 16, 23] ) makes this experimental system particularly attractive for studies on plant signalling mechanisms. So far, our research has focused on one of the first steps in this signalling pathway, namely the recognition of the oligoglucoside elicitors by receptors in soybean root cells. This article provides a summary of our studies aimed at identifying structural features of elicitor-active oligoglucosides that are essential for their activity. In addition, we will review the results of investigations aimed at identifying, purifiying, and characterizing binding proteins whose properties suggest that they are physiological receptors for oligoglucoside elicitors.
Structure-activity studies
The hepta-/3-glucoside elicitor was originally purified from a complex mixture of oligoglucosides released from mycelial walls of the phytopathogenic oomycete Phytophthoru sojue [24, 25] . The structure of the elicitor-active hepta-/3-glucoside [26] was confirmed by its chemical synthesis . The fact that seven other structurally related oligoglucosides purified from the same glucan fragment mixture had no detectable elicitor activity [24] provided the first evidence that specific structural features are required for an oligo-/3-glucoside to be an effective elicitor of phytoalexin accumulation in soybean. Structure-activity studies carried out in our laboratory have confirmed and expanded upon these initial findings.
Sixteen oligo-&glucosides (2-14 and 16-18, see Figure I ), which are structurally related to the elicitor-active hepta-/3-glucoside (compound 1, [27,28,30- [33] . Increasing the length of this hexaglucoside by the addition of glucosyl residues at the reducing end of the molecule has no significant effect on its elicitor activity. In contrast, removing glucosyl residues from the hexaglucoside (compounds 2, 3, 16, 17, and 18) or rearranging its side chains (compound 5 ) results in molecules with significantly lower elicitor activity. For example, removal of the non-reducing terminal backbone glucosyl residue (compound 3) results in a 4000-fold reduction in elicitor activity, suggesting that this glucosyl residue has a particularly important function [34] .
Several recently synthesized oligoglucosides (R. Verduyn and J. van Boom, unpublished work) have permitted the direct assessment of the importance of the side-chain glucosyl residue closest to the reducing end of the elicitor-active oligoglucosides. These oligoglucosides range in size from tetramer to hexamer (compounds [16] [17] [18] . All three of these oligoglucosides are significantly less active ( 1000-10 000-fold) than the elicitor-active hepta-/?-glucoside (M. G. Hahn and J.-J. Cheong, unpublished work). Additional confirmation of the importance of the side-chain glucosyl residues for the elicitor activity of oligoglucosides was provided by the demonstration that a linear, 6-linked hepta-/?-glucoside is inactive [33] . An additional set of hexasaccharides was synthesized (N. Hong and T. Ogawa, unpublished work) in which one or the other terminal glucosyl residue at the non-reducing end of hexa-/?-glucoside 4 was modified (compounds 9-14, Figure 1 ). Thus, replacement of the side-chain glucosyl residue of the terminal trisaccharide with a /?-glucosaminyl (compound 1 1) or N-acetyl-/?-glucosaminyl residue (compound 12) reduces the elicitor activity -10-and -1000-fold, respectively. The corresponding modifications of the non-reducing terminal backbone glucosyl residue (compounds 13 and 14, respectively) result in even greater decreases in elicitor activity ( -100-and -10 OOO-fold, respectively). Substitution of the same glucosyl residue with a xylosyl residue (compound 9) or a galactosyl residue (compound 10) reduces the activity -10-and -100-fold, respectively [34] . These data, together with those described earlier, prove that all three non-reducing terminal glucosyl residues present in the hepta-/?-glucoside elicitor are essential for the ability of the molecule to effectively elicit phytoalexin accumulation in soybean. In contrast, the reducing terminal glucosyl residue of the hepta-/?-glucoside elicitor does not appear to be essential for biological activity. Phytoalexin elicitor assays of reducing-end derivatives of hepta-/?-glucoside 1 demonstrated that attachment of an alkyl or aromatic group to the oligosaccharide (e.g., compound 15) does not have a significant effect on its EC,, [33] . A tyramine-coupled derivative of hepta-/?-glucoside 5 is slightly more active ( -2.5-fold) than underivatized hepta-/?-glucoside 5.
Coupling tyramine or benzylhydroxylamine to maltoheptaose, a structurally unrelated hepta-aglucoside, yields derivatives with no detectable elicitor activity. These results establish that the coupling of aromatic groups to biologically inactive oligoglucosides does not endow those oligosaccharides with phytoalexin elicitor activity. Thus, it is possible to prepare a fully active, radio-iodinated form of compound 15 for use as a labelled ligand to search for the presence of elicitor-specific, high-affinity binding sites in soybean membranes.
Ligand-binding studies
The first step in the signal-transduction pathway induced by the hepta-/?-glucoside elicitor is likely to be its recognition by a specific receptor. Indeed, the specificity of the response of soybean tissue to oligoglucoside elicitors of phytoalexin accumulation [24, 33] described in the previous section suggests that a specific receptor for the hepta-/?-glucoside elicitor exists in soybean cells. Several earlier studies utilizing heterogeneous mixtures of fungal glucan fragments indicated that binding sites for glucan fragments exist in plant membranes [35-381. Subsequent research carried out with homogeneous oligoglucosides has substantiated the hypothesis that membrane-localized glucan elicitor-binding sites exist in soybean cells. These later binding studies utilized hepta-/?-glucoside elicitor coupled to radio-iodinated aminophenethylamine [ 391 or tyramine [40] as the labelled ligand. Binding sites are present in membranes prepared from every major organ of young soybean plants [40] . The hepta-/?-glucoside elicitor-binding sites co-migrate with an enzyme marker (a vanadate-sensitive ATPase) for plasma membranes in isopycnic sucrose density gradients 1341, confirming earlier results obtained with partially purified labelled glucan fragments [37, 38] . Binding of the radiolabelled hepta-/?-glucoside elicitor to the root membranes is saturable over a concentration range of 0.1-5 nM, whi,ch is somewhat lower than the range of concentrations (6-200 nM) required to saturate the bioassay for phytoalexin accumulation [24, 26, 33] . The root membranes possess only a single class of high-affinity hepta-/?-glucosidebinding sites (apparent Kd % 1 nM), which are inactivated by heat or pronase treatment [40] , suggesting that the molecule(s) responsible for the binding are proteinaceous. Binding of the active hepta-/?-glucoside to the membrane preparation is reversible, indicating that the elicitor does not become covalently attached to the binding protein(s) [40, 43] .
The membrane-localized, elicitor-binding proteins exhibit a high degree of specificity with respect to the oligoglucosides that they bind. More importantly, the ability of an oligoglucoside to bind to soybean root membranes correlates with its ability to induce phytoalexin accumulation [ 34,401 (Figure 2) . Oligo-/3-glucosides with high elicitor activity are efficient competitors of the radiolabelled elicitor, whereas biologically less active oligo-/3-glucosides are less efficient. Thus, four oligo-/3-glucosides ranging in size from hexamer to decamer (compounds 1, 4, 7, and S) , indistinguishable in their abilities to induce phytoalexin accumulation [ 331, are equally effective competitive inhibitors of binding of radiolabelled hepta-/3-glucoside 15 to soybean root membranes. The abilities of structurally modified oligo-/3-glucosides to compete with radiolabelled 15 are reduced in proportion to the reduction in the biological activities of these oligo-/3-glucosides ( Figure 2) .
The results of the structure-activity [33] and ligand-binding [34, 40] studies demonstrate that those structural elements of the hepta-p-glucoside [33] . The binding activity is defined as the concentration of oligosaccharide required to give 50% inhibition of the binding of radiolabelled hepta-P-glucoside I 5 to its binding protein(s). Data points are identified with numbers identifying the oligoglucosides (see Figure I) ; I,, reduced hepta-Pglucoside I ; Heptamers. mixture of heptaglucosides prepared from mycelial wall hydrolysates of P. sojoe [24] . Reprinted from
[48] with permission. that are required to elicit phytoalexin synthesis are also essential for efficient binding of the elicitor to its putative receptor. These essential structural features include the non-reducing terminal backbone glucosyl residue and the two side-chain terminal glucosyl residues of the hepta-/3-glucoside elicitor. The distribution of side-chain glucosyl residues along the backbone of the molecule is also important for recognition of the elicitor by the binding proteins. The combined results of the biological assays [33] and the binding studies [34, 40] provide strong evidence that the binding proteins are physiological receptors for the hepta-/3-glucoside elicitor.
I

Purification studies
Characterization of the hepta-/3-glucoside elicitorbinding proteins will require their solubilization from the membranes and subsequent purification. The low abundance of the elicitor-binding proteins in the soybean root membranes ( -1 pmol/mg of protein) [ 39,401 suggests that ligand-affinity chromatography will be required to achieve purification to homogeneity. The following paragraphs summarize the results from solubilization studies and describe recent progress toward the purification of elicitor-binding proteins. Solubilization of fully functional elicitor-binding proteins from soybean root microsomal membranes has been achieved with the aid of several detergents [34, 41] . The non-ionic detergents n- Recently, progress has been made towards identification and purification of hepta-P-glucoside elicitor-binding proteins. Photo-affinity labelling experiments resulted in the identification of a 70 kDa protein band in solubilized soybean membrane preparations whose labelling characteristics suggest that it is an elicitor-binding protein [42] . Gel permeation chromatography of detergent-solubilized hepta-P-glucoside elicitor-binding proteins indicates that elicitor-binding activity is associated primarily with large detergent-protein micelles (molecular mass >ZOO kDa) [34, 41] . Indeed, we have found that the highest specific elicitor-binding activity is present in detergent-protein micelles having a molecular mass >660 kDa. Little or no elicitor-binding activity is associated with the smallest detergent-protein micelles [ 341. The large elicitor-binding protein-detergent complexes can be disrupted only with a combination of high detergent concentrations and sonication, a treatment that results in the loss of 70% of the binding activity (M.
G. Hahn and F. C&i, unpublished work). These data suggest that the elicitor-binding proteins exist as a multimeric protein complex. Indeed, the fraction of solubilized membrane proteins retained on affinity columns carrying either an immobilized mixture of elicitor-active fungal glucans [42, 43] or immobilized hepta-P-glucoside elicitor (M. G. Hahn, J.-J. Cheong and F. C h i , unpublished work) and subsequently eluted with free ligand contain several protein bands, including the 70 kDa protein identified by photo-affinity labelling. Determining whether or not all of the proteins found in the affinity-purified fraction are essential for elicitorbinding activity will require further purification of these proteins and assays of the polypeptides for elicitor-binding activity either alone or in combination. Ilnfortunately, recovery of active elicitor-binding protein from the affinity matrices (M. G. Hahn, J.-J. Cheong, R. Alba and F. C&i, unpulished work) [43] has been disappointingly low, indicating that additional improvements in chromatography conditions or alternative approaches will probably prove necessary in order to obtain sufficient amounts of the elicitor-binding protein for further characterization.
Conclusions
Detailed biochemical investigations of the cellular signalling pathways triggered by oligosaccharide elicitors require the preparation of homogeneous preparations of these elicitors in order to unambiguously assign observed effects to single elicitorstimulated pathways. Efforts by synthetic organic chemists have made available homogeneous preparations of oligoglucoside elicitors, which have greatly facilitated these biochemical studies. Indeed, the availability of chemically synthesized hepta-Pglucoside elicitor and structurally related, less-active agonists has led to the tentative identification of binding proteins (putative receptors) for this elicitor. The binding characteristics of these proteins (high affinity, saturability, ligand specificity) strongly suggest that the elicitor-binding proteins are physiological receptors for the hepta-p-glucoside elicitor.
The purification and characterization of elicitor-binding proteins and/or the isolation of the gene(s) encoding these proteins will be required to prove that the binding proteins function as physiological receptors. Evidence supporting a role for the elicitor-binding protein(s) in the cellular signalling pathway leading to phytoalexin accumulation could be obtained by reconstitution of an elicitor-responsive system using purified binding protein(s) or by functional expression of the genes encoding the binding protein(s). The recent development of photo-activatable elicitor ligands and affinitychromatography matrices will undoubtedly greatly facilitate efforts to obtain sufficient amounts of the hepta-P-glucoside elicitor-binding proteins for detailed characterization and reconstitution studies. Characterization of the glucan elicitor-binding protein(s) and/or their genes may also give important insights into the mechanism by which the elicitor signal is transmitted into the cell interior.
The oligoglucoside elicitors discussed in this article belong to a recently discovered class of signal compounds, the oligosaccharins (oligosaccharides with regulatory properties [44] ). This class of compounds includes oligosaccharides isolated from plants, fungi and, more recently, bacteria (reviewed in . Oligosaccharins have been shown to play important roles in the regulation of plant defence responses, plant development, and plant-symbiont interactions. Additional biochemical analysis of the cellular signalling pathways induced by these signal molecules is likely to yield valuable insights into how plants perceive a n d respond to stimuli from their environment.
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Introduction
Various external signals influence the behaviour of plant cells. Unless these signals enter the cell, receptors must perceive the signal at the cell surface and mechanisms must be in place to couple the signal to those intracellular elements that regulate the biochemical response. Until recently, information on such systems has been fragmentary. However, evidence is now available that plants possess a number of signal-transduction systems. For example, changes in the concentration of free cytosolic CaZf have been implicated in the responses of plants to several signals [1, 2] and various elements of a phosphoinositide signal pathway have been identified [3, 4] . The case for a role for cyclic AMP as a second messenger has been strengthened by demonstrations of its involvement in response systems and by the characterization of the enzymes controlling its metabolism [ 51. Furthermore, phosphorylation and dephosphorylation of proteins, which are central features of signal systems in animals, have been identified as elements in some stimulus-response coupling systems in plants Expression of those active defence mechanisms associated with the interaction between a resistant plant and a potential pathogen represents a stimulus-response coupling system in which signal transduction is likely to be a feature. Synthesis of phytoalexins is a typical active defence response and one in which progress has been made towards characterizing the various elements of the stimulusresponse coupling system. Thus, phytoalexin synthesis occurs after specific signal molecules, termed elicitors [ 131, have been perceived by the plant cell.
Elicitors are usually, though not always, derived from the microorganism during the initial stages of [15, 16] . Those receptors that have been identified are proteins, the most likely location of which is the plasma membrane [ 12,16-181. Following perception, the signal is transmitted, or transduced, within the cell to a site where it is converted into the response through its interaction with a specific biochemical system. In phytoalexin synthesis, the responsive system comprises the sequence of genes encoding the enzymes of the biosynthetic pathway, and the elements that regulate their transcription [ 191. As a result of the signal interacting with this system, transcription of these specific genes is activated, leading to greatly increased activities of the enzymes and synthesis of the phytoalexins.
Elicitation of phytoalexin synthesis therefore represents a model system for investigating the signal-transduction mechanism(s) that may mediate between perception of a signal and the metabolic response evoked by it. Some of the progress that has been made towards identifying those mechanisms will be considered here.
Cyclic AMP as a second messenger
Effect of cyclic A M P on phytoalexin synthesis Cyclic AMP (CAMP) is an intracellular mediator of extracellular signals in a variety of responses in mammals. It has been implicated as a second messenger in elicitation of phytoalexin synthesis by demonstrations that CAMP or its analogue, dibutyryl CAMP, elicits synthesis of phytoalexins in Ipomoeu batatus (sweet potato) [20] , cells of Medicago sutivu (lucerne) [21] and cells of Duucus curotu (carrot) [9, 22] . In lucerne cultures, dibutyryl
